Background {#Sec1}
==========

Sepsis is among the leading causes of death among hospitalized patients, and epidemiologic data indicate an incidence of 200--1000 cases per 100,000 inhabitants in populations in the USA and Sweden \[[@CR1], [@CR2]\]. The underlying causes are manifold, but the common pathophysiological course includes excessive overactivation of the immune system and increased microvascular permeability \[[@CR3]\]. This may result in increased transcapillary leakage of plasma fluid, hypovolemia, and interstitial edema \[[@CR4], [@CR5]\]. Hypovolemia leads to decreased cardiac output, resulting in reduced systemic oxygen delivery and generalized vasoconstriction, which may eventually impair organ function. Correction of low plasma volume therefore may be essential to maintaining adequate organ perfusion and oxygen delivery. If untreated, organ failure and eventually death may be the consequence \[[@CR6]\].

The clinical treatment of patients with sepsis and hypovolemia requires the use of both vasopressors to maintain an adequate vascular smooth muscle tonus and intravascular fluid administration. Resuscitation fluids differ in their molecular composition and can roughly be classified in crystalloid and colloid solutions. For decades, there has been a debate regarding the use of crystalloids or colloids, as well as regarding the efficacy of different colloids. In contrast to colloids, crystalloids have small effects on coagulation; there is no risk of inducing allergic reactions; and they are inexpensive \[[@CR7]\]. Crystalloids are relatively ineffective, however, as plasma volume expanders because their osmotic particles pass freely across the capillary membrane, resulting in rapid distribution to the extracellular space, thus diminishing the hemodynamically relevant volume that remains intravascular. Consequently, relatively large volumes must be infused to restore intravascular normovolemia, raising an adverse risk of tissue edema. However, colloid solutions remain in the bloodstream for a longer time because of their composition and structure \[[@CR8]\]. The oncotic effects of colloids may also reinforce their plasma-expanding capacity. Nonetheless, the plasma-expanding effect of colloids is transient because of continuous clearance from the circulation related to the rate of degradation and renal loss as well as continuous leakage of macromolecules into the interstitial space. According to the modern two-pore theory of transvascular exchange, transcapillary leakage of macromolecules occurs through the large pores of the capillary/venular membrane and also appears to be greater at increased permeability \[[@CR9]\]. In addition to the size and number of the large pores, transcapillary leakage may be influenced by the charge of the molecules and their interaction with the glycocalyx and other endothelial structures \[[@CR10]\]. However, current research indicates that the (extended) use of colloid solutions is associated with increased frequency of renal replacement therapy in critically ill patients \[[@CR11]\]. As a consequence, a black box warning regarding the use of colloids in these patients has been issued by the U.S. Food and Drug Administration and the European Medicines Agency.

The endothelial glycocalyx is a dynamic structure localized at the luminal side of the endothelium. It plays a central role in the context of vascular permeability because it functions as a barrier between blood plasma and the endothelium \[[@CR12]\]. The main components of the glycocalyx are membrane-bound proteoglycans and glycoproteins incorporating plasma- and endothelium-derived soluble components \[[@CR13]\]. The glycocalyx actively fulfills important physiological functions by signal sensing and by transmission to the endothelial surface and shielding it from access by cellular components in the bloodstream \[[@CR14]\]. Sepsis leads to degradation of the endothelial glycocalyx, which is related to altered vascular permeability \[[@CR15]\]. Glycocalyx degradation is accompanied by the release of its soluble components into the bloodstream (e.g., syndecan-1 and hyaluronan \[hyaluronic acid\]), a process that is actively mediated by cleavage enzymes, including heparanase and hyaluronidase \[[@CR16]\]. Several strategies aimed at protecting the glycocalyx from degradation or repair after degradation have been proposed \[[@CR17]--[@CR19]\]. However, no clinical therapy for glycocalyx protection or repair has yet succeeded.

To date, there have been no studies comparing the effects of contemporary colloid solutions and crystalloids on the distribution of fluids, the integrity of the glycocalyx, and vascular permeability specifically under noninflammatory and inflammatory conditions. The present study was designed to evaluate the distribution of 6% hydroxyethyl starch HES 130/0.4 (Volulyte®; Fresenius Kabi, Bad Homburg, Germany) and a balanced crystalloid electrolyte solution (Isolyte®; Fresenius Kabi) under baseline and inflammatory conditions, as well as the effects of these solutions on the integrity of the glycocalyx and vascular permeability in murine models of pulmonary and systemic inflammation.

Methods {#Sec2}
=======

Animals and reagents {#Sec3}
--------------------

We used 8--12-week-old C57BL/6 mice. The mice were kept in a barrier facility under specific pathogen-free conditions. All animal experiments were approved by the Landesamt für Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen, Germany (animal protocols 84-02.04.2012.A373 and 84-02.04.2011.A377) and were carried out in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Unless otherwise stated, all reagents were obtained from Sigma-Aldrich (Taufkirchen, Germany).

Murine models of systemic and pulmonary inflammation {#Sec4}
----------------------------------------------------

Systemic inflammation was induced by cecal ligation and puncture (CLP) \[[@CR20]\]. Mice were anesthetized by intraperitoneal injection of ketamine (125 μg/g body weight; Pfizer, New York, NY, USA) and xylazine (12.5 μg/g body weight; Bayer, Leverkusen, Germany). Sufficient anesthesia for the analgesic tolerance of surgical procedures was ensured by monitoring the response to a toe-pinch. The animals were killed by exsanguination through transcutaneous cardiac puncture after the experiment. CLP was performed as described before \[[@CR20]\]. Briefly, a midline laparotomy incision was made after skin disinfection. The cecum was ligated 14 mm distal to the ileocecal valve so that continuity was preserved, and then it was punctured twice with a 20-gauge needle. It was returned to the peritoneal cavity, and the wound was closed in two layers. Mice were then allowed to recover and had free access to food and water. Animals in the sham group underwent the identical procedure without CLP. One hour after the procedure, the animals were administered 20 ml/kg HES 130/0.4 (Volulyte®) or a control solution (Isolyte® balanced electrolyte solution) by intravenous injection into the tail vein through an intravascular catheter. Volulyte® and Isolyte® share the same electrolyte constituency (Na^+^ 137 mmol/L, K^+^ 4 mmol/L, Mg^2+^ 1.5 mmol/L, Cl^−^ 110 mmol/L, CH~3~COO^−^ 34 mmol/L, osmolality 286.5 mmol/L). The animals were randomized to treatment groups, and the investigators were blinded to these groups. An animal group size of eight mice was analyzed for each condition. Pulmonary inflammation induced by inhalation of lipopolysaccharide (LPS) from *Salmonella enteritidis* was performed as described previously \[[@CR21]\]. Evans blue (EB) extravasation as a measure of vascular permeability was analyzed as described previously \[[@CR22]\]. EB is a dye that binds to serum albumin after intravenous injection \[[@CR23]\]. To investigate the influence of HES 130/0.4 administration on vascular permeability, mice were subjected to a sham or CLP operation and received a dose of 20 ml/kg HES 130/0.4 or Isolyte® (as a control) 1 h after surgery. EB (dissolved in 0.9% saline) was injected at a dose of 20 mg/kg body weight 30 minutes before the animals were killed. After the animals were killed, blood was obtained and centrifuged, and plasma was preserved for EB measurements. Afterward, the animals were subjected to perfusion through the right ventricle with PBS. The organs were harvested and weighed, and the tissue was homogenized in PBS (organ weight in milligrams × 3.5 = PBS volume in microliters) by mechanical mincing using a tissue homogenizer and incubated with formamide (vol/vol 2:1 ratio). The mixture was incubated for 12--18 h at 60 °C. After the incubation, the tissue homogenate was centrifuged at 5000 rpm for 30 minutes. EB absorbance measurements of the supernatants were performed on a spectrophotometer at 620 nm and 740 nm. The maximum absorption of EB occurs at 620 nm. No absorption occurs at 740 nm; the absorption at this wavelength is indicative of the amount of contaminating heme pigments. The degree of leak of EB is represented as a ratio of the corrected absorbance of EB in the tissue to the corrected absorbance of EB in the plasma. The extravasation of EB into peripheral organs was analyzed 4, 8, and 24 h after surgery. All animals survived the 24-h observation period. Each animal was examined at only one time point (4 h, 8 h, or 24 h), and we investigated eight mice at each time point for each experimental group in both models.

Intravital microscopy of the cremaster and the lung {#Sec5}
---------------------------------------------------

To investigate the influence of HES 130/0.4 administration on glycocalyx integrity during systemic inflammation in vivo, we performed intravital microscopy (IVM) of the cremaster muscle and lung as described previously \[[@CR24]--[@CR27]\]. Following induction of general anesthesia, the cremaster muscle was exteriorized and prepared for imaging on a custom-built stage. IVM was carried out on an upright microscope (Axioskop; Carl Zeiss, Göttingen, Germany) with × 40 magnification and a 0.75 numerical aperture saline immersion objective. For IVM of the lung, a right lateral thoracotomy was performed, and the lung was positioned under the window of a custom-built fixation device. A mild vacuum was applied to hold the lung in position during microscopy. Images were captured with a charge-coupled device camera (Sensicam; PCO, Kehlheim, Germany). Fluorescein isothiocyanate (FITC)-dextran (150 kDa) was used to assess the glycocalyx width in these experiments as previously described (*see also* the scheme in Fig. [3a](#Fig3){ref-type="fig"}) \[[@CR28]--[@CR30]\]. HES 130/0.4 or Isolyte® (20 ml/kg) was administered 1 h after CLP or sham surgery. IVM was performed after 4, 8, or 24 h. A different animal was used at each time point (4, 8, or 24 h) for IVM because it was not possible to continuously monitor a single animal over the whole observation period. Analysis of the recorded data files was performed by blinding the type of fluid used before evaluation.

Quantification of syndecan-1, heparanase, hyaluronic acid, and hyaluronidase plasma levels and hyaluronidase activity {#Sec6}
---------------------------------------------------------------------------------------------------------------------

Plasma levels of syndecan-1, heparanase, hyaluronic acid, and hyaluronidase were quantified using enzyme-linked immunosorbent assay (ELISA) kits following the manufacturers' instructions (syndecan-1 and heparanase, Cusabio Biotech, College Park, MD, USA; hyaluronic acid, BlueGene, Shanghai, China; hyaluronidase, USCN Life Science, Wuhan, China). Hyaluronidase activity was analyzed using an ELISA-based assay (Echelon Biosciences, Salt Lake City, UT, USA).

Statistics {#Sec7}
----------

Statistical analysis was performed using IBM SPSS version 22.0 software (IBM, Armonk, NY, USA) with the Wilcoxon test or the *t* test as appropriate. More than two groups were compared using two-way analysis of variance followed by the Bonferroni test. Data distribution was assessed using the Kolmogorov-Smirnov test or the Shapiro-Wilk test. All data are presented as mean ± SEM. A *p* value \< 0.05 was considered statistically significant.

Results {#Sec8}
=======

HES 130/0.4 affects plasma levels of different markers of glycocalyx integrity during systemic and pulmonary inflammation {#Sec9}
-------------------------------------------------------------------------------------------------------------------------

To investigate the integrity of the glycocalyx under different inflammatory conditions, we determined the plasma levels of syndecan-1, hyaluronic acid, and heparanase. After induction of systemic inflammation, syndecan-1, heparanase, and hyaluronic acid levels in the plasma increased over the first 24 h (Fig. [1a--c](#Fig1){ref-type="fig"}). Four and eight hours following CLP, the plasma levels of syndecan-1 and heparanase were significantly reduced in HES-treated mice compared with Isolyte®-treated mice (Fig. [1a](#Fig1){ref-type="fig"} and [b](#Fig1){ref-type="fig"}). Mice in the HES-treated groups also had significantly reduced hyaluronic acid plasma levels 8 and 24 h following CLP compared with the Isolyte® control groups (Fig. [1c](#Fig1){ref-type="fig"}). In contrast, hyaluronidase plasma levels showed a trend toward higher levels in the HES 130/0.4 group at 8 and 24 h after CLP, which did not reach statistical significance (Additional file [1](#MOESM1){ref-type="media"}: Figure S1). To specifically address the higher, although statistically not significant, hyaluronidase levels in CLP animals following HES administration, we performed an additional hyaluronidase enzyme activity assay. Interestingly, we could detect a statistically significant reduction in hyaluronidase activity in blood samples from CLP animals that had received HES compared with Isolyte®-treated animals (Fig. [1d](#Fig1){ref-type="fig"}). This could possibly explain why HES administration reduces circulating hyaluronic acid concentrations, whereas hyaluronidase serum concentrations appear to be increased, although this did not reach statistical significance in the CLP model. We also analyzed the plasma levels of syndecan-1, hyaluronic acid, hyaluronidase, and heparanase in mice after LPS-induced pulmonary inflammation (Fig. [2](#Fig2){ref-type="fig"}). HES 130/0.4 significantly decreased the plasma levels of syndecan-1 after 8 h, but not after 24 h, compared with the Isolyte® control group (Fig. [2a](#Fig2){ref-type="fig"}). Furthermore, HES 130/0.4 significantly decreased the plasma levels of heparanase and hyaluronic acid plasma levels 8 and 24 h after LPS exposure (Fig. [2b and c](#Fig2){ref-type="fig"}).Fig. 1Hydroxyethyl starch (HES) 130/0.4 effects on syndecan-1, heparanase, hyaluronic acid plasma levels, and hyaluronidase activity during systemic inflammation. Wild-type mice underwent a sham or cecal ligation and puncture (CLP) operation (*n* = 8). Sixty minutes after the procedure, mice received 20 ml/kg Isolyte® (Iso) or HES 130/0.4 (HES) as an infusion over 1 h. The plasma levels of (**a**) syndecan-1, (**b**) heparanase, and (**c**) hyaluronic acid were analyzed 4, 8, and 24 h after the operation. **d** Serum hyaluronidase enzyme activity was analyzed 24 h after the CLP procedure and normalized to the CLP Iso group. Data are presented as mean ± SEM, \* *p* \< 0.05Fig. 2Hydroxyethyl starch (HES) 130/0.4 effects on syndecan-1, heparanase, and hyaluronic acid plasma levels during pulmonary inflammation. Wild-type mice were exposed to nebulized saline or lipopolysaccharide (LPS) (*n* = 8). Sixty minutes after the procedure, mice received 20 ml/kg Isolyte® (Iso) or HES 130/0.4 (HES) as an infusion over 1 h. The plasma levels of (**a**) syndecan-1, (**b**) heparanase, and (**c**) hyaluronic acid were analyzed 4, 8, and 24 h after the procedure. Data are presented as mean ± SEM, \* *p* \< 0.05

HES 130/0.4 attenuates glycocalyx degradation in postcapillary venules of cremaster muscle after CLP induction {#Sec10}
--------------------------------------------------------------------------------------------------------------

Systemic inflammation, as induced, for example, by CLP, causes degradation of the vascular glycocalyx \[[@CR28]\]. The width of the vascular glycocalyx, analyzed using a FITC-dextran exclusion technique (Fig. [3a](#Fig3){ref-type="fig"}), remained unchanged in animals that received Isolyte® or HES 130/0.4 after sham surgery at all time points (Fig. [3b](#Fig3){ref-type="fig"}). The induction of systemic inflammation following CLP caused a significant decrease in glycocalyx thickness in animals that received Isolyte® compared with sham animals after 8 and 24 h (Fig. [3b](#Fig3){ref-type="fig"}). HES 130/0.4 administration significantly attenuated glycocalyx degradation after 8 h (0.70 ± 0.12 μm vs. 1.06 ± 0.11 μm) and 24 h (0.78 ± 0.09 μm vs. 1.39 ± 0.10 μm) compared with Isolyte®-treated mice, with no significant differences within the HES-treated mice (Fig. [3b](#Fig3){ref-type="fig"}). To investigate whether HES 130/0.4 also affects glycocalyx degradation during inflammatory processes in the lung, mice were exposed to nebulized LPS or saline, and HES 130/0.4 or Isolyte® (20 ml/kg) was administered after 1 h. Saline inhalation did not cause glycocalyx degradation, and control mice that received Isolyte® or HES 130/0.4 after saline inhalation did not show significant differences in glycocalyx thickness (Fig. [3c](#Fig3){ref-type="fig"}). The induction of pulmonary inflammation by LPS inhalation caused a significant decrease in glycocalyx thickness after 8 and 24 h in animals that received Isolyte® compared with control animals (Fig. [3c](#Fig3){ref-type="fig"}). HES 130/0.4 administration significantly attenuated glycocalyx degradation after 8 h (0.98 ± 0.09 μm vs. 1.50 ± 0.20 μm) and 24 h (0.81 ± 0.09 μm vs. 1.49 ± 0.12 μm) (Fig. [3c](#Fig3){ref-type="fig"}).Fig. 3Hydroxyethyl starch (HES) 130/0.4 effects on the thickness of the glycocalyx during systemic and pulmonary inflammation. **a** Schematic illustration of the fluorescein isothiocyanate (FITC) exclusion technique used to visualize the glycocalyx (ESL = endothelial surface layer) width in the cremaster and pulmonary microcirculation in vivo. Mice underwent cecal ligation and puncture (CLP) or a sham operation (**b**) or lipopolysaccharide (LPS) or saline inhalation (**c**), which was 1 h later followed by an infusion of 20 ml/kg Isolyte® (Iso) or HES 130/0.4 (HES) over a period of 1 h. At 4, 8, and 24 h after the operation or inhalation, respectively, the thickness of the glycocalyx was measured in the cremaster muscle in the CLP experiment and in the lung capillaries in the LPS inhalation experiment by intravital microscopy using the FITC-dextran exclusion technique. Data are presented as mean ± SEM, \* *p* \< 0.05

HES 130/0.4 reduces vascular permeability during systemic and pulmonary inflammation {#Sec11}
------------------------------------------------------------------------------------

CLP causes a systemic inflammation response in mice \[[@CR20]\]. Increased plasma extravasation caused by increased vascular permeability is one hallmark of this systemic inflammation. Vascular permeability increased in all organs 8 and 24 h following CLP (Fig. [4a--d](#Fig4){ref-type="fig"}). Compared with Isolyte®-treated mice, HES 130/0.4 administration caused significantly decreased vascular permeability in the lung after 8 and 24 h (Fig. [4a](#Fig4){ref-type="fig"}). In the kidney (Fig. [4b](#Fig4){ref-type="fig"}), the liver (Fig. [4c](#Fig4){ref-type="fig"}), and brain tissue (Fig. [4d](#Fig4){ref-type="fig"}), HES 130/0.4 decreased the vascular permeability significantly after 24 h following CLP compared with Isolyte® treatment. To specifically address the contribution of glycocalyx degradation on the observed HES effect on vascular permeability changes, we performed additional experiments with the heparanase inhibitor *N*-desulfated/re-*N*-acetylated heparin (NAH). NAH coadministration together with HES abolished the vascular permeability decrease exerted by HES alone by 57--86%, depending on the specific organ (Fig. [4e](#Fig4){ref-type="fig"}). Interestingly, the administration of NAH alone did not modulate vascular permeability in our CLP model (Additional file [2](#MOESM2){ref-type="media"}: Figure S2). These data indicate that glycocalyx degradation does not mediate vascular permeability changes alone, but rather in addition to direct effects on the vascular endothelial cells. During LPS-induced pulmonary inflammation, vascular permeability increased in all organs 8 and 24 h after LPS inhalation, whereas the vascular permeability in saline-treated control animals did not change (Fig. [5a--d](#Fig5){ref-type="fig"}). HES 130/0.4 significantly decreased vascular permeability in the lung, liver, kidney, and brain 24 h after LPS inhalation compared with Isolyte®-treated mice (Fig. [5a--d](#Fig5){ref-type="fig"}). To investigate whether the observed protective effect of HES is compound-specific or a common property of colloids in general, we performed additional experiments with albumin. Whereas HES significantly reduced vascular permeability in the lung, liver, kidney, and brain at 24 h after CLP induction compared with Isolyte® treatment, this effect was observed in the brain only with albumin (Additional file [3](#MOESM3){ref-type="media"}: Figure S3A--D). To further characterize the severity grade of our CLP model, we analyzed different serum markers for organ damage 24 h after CLP induction. CLP induction did not readily increase serum creatinine (Additional file [3](#MOESM3){ref-type="media"}: Figure S3E), whereas it induced a modest increase in serum urea (Additional file [3](#MOESM3){ref-type="media"}: Figure S3F). Serum glutamate-pyruvate transaminase (GPT) and glutamic oxaloacetic transaminase (GOT) as markers of hepatic cell injury were also modestly increased 24 h after CLP induction. Serum lactate levels in control animals 24 h after the CLP procedure averaged 2.8 mmol/L, indicating a modest degree of circulatory disorder. All mice survived the 24-h observation period; thus, our CLP was targeted at a rather modest severity level. Neither HES 130/0.4 nor albumin significantly altered the increase in serum urea, GPT, or GOT (Additional file [3](#MOESM3){ref-type="media"}: Figure S3F--H).Fig. 4Hydroxyethyl starch (HES) 130/0.4 effects on vascular permeability during systemic inflammation. Wild-type mice underwent a sham or cecal ligation and puncture (CLP) operation (*n* = 8). Sixty minutes after the procedure, mice received 20 ml/kg Isolyte® (Iso) or HES 130/0.4 (HES) as an infusion over 1 h. At 4, 8, and 24 h after the operation, vascular permeability in the (**a**) lung, (**b**) liver, (**c**) kidney, and (**d**) brain was measured by photometry using the extravasation of Evans blue (EB) technique. (**e**) EB extravasation in CLP mice treated with 20 ml/kg Isolyte® (Iso), HES 130/0.4 (HES), or HES 130/0.4 plus 150 μg of *N*-desulfated/re-*N*-acetylated heparin (NAH) 24 h after CLP induction. Data are presented as mean ± SEM, \* *p* \< 0.05Fig. 5Hydroxyethyl starch (HES) 130/0.4 effects on the vascular permeability during pulmonary inflammation. Wild-type mice were exposed to nebulized saline or lipopolysaccharide (LPS) (*n* = 8). Sixty minutes after the procedure, mice received 20 ml/kg Isolyte® (Iso) or HES 130/0.4 (HES) as an infusion over 1 h. At 4, 8, and 24 h after the operation, vascular permeability in the (**a**) lung, (**b**) liver, (**c**) kidney, and (**d**) brain was measured by photometry using the extravasation of Evans blue technique. Data are presented as mean ± SEM, \* *p* \< 0.05

Discussion {#Sec12}
==========

Our data demonstrate that the administration of HES 130/0.4 significantly reduced increased vascular permeability caused by systemic inflammation after CLP and by pulmonary inflammation following LPS inhalation. Treatment with HES 130/0.4 also reduced the plasma levels of syndecan-1, heparanase, hyaluronic acid, and hyaluronidase activity after CLP or LPS inhalation, indicating a protective effect on the integrity of the vascular glycocalyx. By using IVM of the cremaster and the lung, we demonstrated that HES 130/0.4 maintains the integrity of the vascular glycocalyx during systemic inflammation following CLP and during pulmonary inflammation following LPS inhalation.

The glycocalyx is a delicate structure, and current research has indicated that it is especially prone to degradation during pathological conditions \[[@CR12]\]. It has been shown that activation of Toll-like receptor (TLR) 2 or 4 contributes to glycocalyx degradation \[[@CR31]\]. The same TLRs are also binding receptors for LPS originating from cell walls of invading bacteria during infections, which was mimicked by CLP or LPS inhalation in this study. In particular, degradation of the endothelial glycocalyx is induced during pulmonary inflammation \[[@CR32]\]. Interestingly, by using atomic force microscopy of the compromised lung endothelial glycocalyx, it could be demonstrated that increasing concentrations of HES are capable of modulating the biomechanical properties of the glycocalyx by increasing its thickness and "softness" \[[@CR33]\]. This is of interest because it suggests that HES not only may prevent the degradation of the glycocalyx as suggested by the data in this study but also may contribute to its repair.

We showed in this study that the administration of HES attenuates the release of the cleavage enzymes heparanase and hyaluronidase and lowers the shedding of syndecan-1 and hyaluronic acid. To date, it remains unknown how the administration of HES modulates these enzymes. However, heparanase and hyaluronidase are also expressed and released by activated platelets \[[@CR34], [@CR35]\]. Platelets are actively involved in the pathogenesis of inflammatory processes and can attach to inflamed endothelial cells \[[@CR36], [@CR37]\]. Here, the surface expression of these enzymes on activated platelets was shown to contribute to degradation of the endothelial glycocalyx and the subendothelial extracellular matrix \[[@CR38]\]. Hydroxyethyl starches have been shown to influence hemostasis, possibly by scaffolding von Willebrand factor, one of the most important binding receptors for platelets, as well as by directly modulating platelet activation \[[@CR39]\]. Although direct experimental evidence is lacking to date, it might be speculated that HES inhibits platelet activation and adhesion to inflamed endothelial cells and thus limits glycocalyx degradation. This would also be in accordance with the results of our previous study where we showed that HES inhibits the formation of platelet-neutrophil aggregates, which also relies on the proper function of platelet surface receptors \[[@CR40]\]. In this study, we demonstrated that the administration of HES 130/0.4 modulates leukocyte recruitment during inflammatory processes in vivo \[[@CR40]\]. Because the process of glycocalyx shedding on inflamed endothelial cells also enables more efficient interactions of adhesion molecules on leukocytes with its receptors on the inflamed endothelium, the protective effect of HES on glycocalyx integrity in this study could also in part contribute to the effects of HES on leukocyte recruitment.

Leukocyte recruitment is a crucial component of a functional immune response. Thus, in immunocompromised patients, it might be dangerous to abrogate leukocyte function. Indeed, it was shown that the glycocalyx specifically affects leukocyte-endothelial cell interactions, but the pathophysiological relevance has to be further investigated in vivo \[[@CR41]--[@CR45]\]. Regarding HES 130/0.4, our group previously showed that HES administration indeed caused decreased leukocyte adhesion and transmigration in a CLP model \[[@CR40]\]. On one hand, in the critically ill patient, systemic inflammatory response syndrome and sepsis are complications that may be associated with an overshooting immune response, which may result in excessive tissue injury, edema formation, and ultimately multiorgan failure. On the other hand, deterioration of leukocyte recruitment could also prevent bacterial clearance of the septic focus. Thus, modulating an inappropriate immune response could be beneficial in some cases, yet detrimental in other situations where bacterial clearance may be the main goal.

The degradation of the endothelial glycocalyx precedes the increase in vascular endothelial permeability during vascular inflammation \[[@CR15]\]. We showed that the administration of HES decreases vascular permeability during systemic and pulmonary inflammation. This is in line with previous reports of the effect of HES 130/0.4 on lung edema formation in pigs \[[@CR46]\]. In another study, the administration of HES ameliorated the pulmonary vascular permeability disturbances in intensive care patients with sepsis-related acute respiratory distress syndrome \[[@CR47]\]. Although the existing preclinical data on glycocalyx shedding during systemic inflammation appear very promising, no human clinical trial has demonstrated that targeting glycocalyx shedding (e.g., by administration of hydrocortisone) translates into a measurable patient benefit in terms of major outcomes \[[@CR48]\]. In contrast to previous reports indicating a protective role of NAH administration for glycocalyx shedding following polymicrobial sepsis, to our surprise, we did not observe a protective effect of NAH. Different protocols (e.g. duration of CLP, intensity of resulting systemic inflammation, time points of sample collection following NAH administration and investigated endpoints) might affect the observed effects. Also, tissue differences regarding effects of heparanase inhibition on vascular permeability have to be taken into account \[[@CR28], [@CR49]\]. The molecular mechanism of how HES prevents an increase in vascular permeability during inflammation is unknown. A possible explanation could be that HES also modulates neutrophil recruitment into organs during systemic inflammation, a process that enforces local inflammation and boosts the release of vasoactive mediators (e.g., also from participating platelets) \[[@CR40]\]. However, it was not the focus of this study to unravel the molecular mechanism of how HES prevents an increase in vascular permeability during inflammation. Further studies are needed to address this point.

We did observe differences in the overall strength of the glycocalyx integrity marker release between CLP and LPS inhalation. CLP is a rather strong stimulus that produces pronounced systemic inflammation resulting in strong alterations in systemic glycocalyx shedding, release of inflammatory mediators, and vascular permeability changes. In contrast, the application of nebulized LPS represents a more localized inflammatory stimulus evoking a more discrete systemic response. This may explain the observed differences with respect to the overall inflammatory effect between the CLP and LPS inhalation. Yet, our data also indicate the rather modest severity of our CLP model. Thus, the findings of this study have to be interpreted bearing in mind that the systemic inflammation present during septic shock in patients may be much more severe than in our animal CLP model, which did not increase mortality in the first 24 h after induction.

However, great caution must be taken when performing volume resuscitation because it is also known that excessive HES 130/0.4 administration leading to hypervolemia may also have deleterious effects on the glycocalyx \[[@CR50]\]. In this case, volume overload may trigger the release of the atrial natriuretic peptide, which is known to mediate glycocalyx shedding \[[@CR51], [@CR52]\]. Yet, the exact degree to which volume overload, particularly with colloids, may contribute to glycocalyx shedding is still a matter of debate \[[@CR53]\]. However, it is noteworthy that this effect seems not to be restricted to colloids but is also a consequence of volume overload. Of note, the administration and dosing regimen of HES and Isolyte® may yield changes in global hemodynamic parameters between the different groups. In our previous study, we performed additional control experiments for the measurement of global hemodynamic variables after CLP induction and regarding the effects of HES administration using the same HES administration regimen and CLP method \[[@CR40]\]. Here, no significant differences were found between the control and intervention groups.

Since reports of increased frequencies of renal replacement therapy associated with the use of colloids in critically ill patients, the effect of HES on kidney function has been of special interest \[[@CR11], [@CR54]\]. In fact, HES 130/0.4 was banned from the treatment of patients with sepsis. Yet, the underlying mechanisms of HES administration remain elusive. In fact, a variety of HES formulations have been used (e.g., different concentrations, different compounds such as potato or corn starch). Although there have been previous reports pointing to possible interactions of colloids and the glycocalyx, we were still quite surprised to observe a protective effect even in septic animals. The data on the possible beneficial effects of HES presented in this study may potentially be of interest for clinicians and concern patient subpopulations, which have not been addressed yet by the large trials on the topic (VISEP, 6S, CHEST). Yet, owing to the lack of hard outcome parameters in this study (e.g., mortality), future clinical trials are certainly needed to address this point. However, the increased frequency of renal replacement therapy associated with the use of colloids has been shown only for fluid resuscitation in critically ill patients with sepsis, and it could not be demonstrated for perioperative or trauma patients \[[@CR55], [@CR56]\]. Causative approaches to explaining these findings remain scarce. Lately, acetate as a common component of available HES formulations has been shown to act as a proinflammatory factor during systemic inflammation in rats \[[@CR57]\]. Furthermore, a recent study showed that high dosages (50 ml/kg) of HES 130/0.4 cause deterioration of kidney function in otherwise healthy rats \[[@CR58]\]. Yet, the exact effects of hydroxyethyl starches of different compositions on renal function and the development of acute kidney injury remain unclear and clearly warrant further research.

Conclusions {#Sec13}
===========

This study demonstrates that 6% HES 130/0.4 exerts protective effects on glycocalyx integrity during systemic inflammation. This was reflected by lower serum levels of glycocalyx-degrading enzymes, glycocalyx shedding products, and preserved glycocalyx thickness after HES administration in vivo. Furthermore, HES attenuates the increase of vascular permeability during systemic inflammation. Further studies are needed to address the underlying molecular mechanisms.
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Additional file 1:**Figure S1.** Effects of HES 130/0.4 on hyaluronidase plasma levels during systemic and pulmonary inflammation. (A) Wild-type mice underwent sham or CLP operation (*n* = 8). Sixty minutes after the procedure, mice received 20 ml/kg Isolyte® (Iso) or HES 130/0.4 (HES) as an infusion over 1 h. The hyaluronidase plasma levels were analyzed 4, 8, and 24 h after the operation. (B) Wild-type mice were exposed to nebulized saline or LPS (*n* = 8). Sixty minutes after the procedure, mice received 20 ml/kg Isolyte® (Iso) or HES 130/0.4 (HES) as an infusion over 1 h. The hyaluronidase plasma levels were analyzed 4, 8, and 24 h after the procedure. Mean ± SEM. \* *p* \< 0.05. (PDF 606 kb) Additional file 2:**Figure S2.** Effects of NAH on vascular permeability during systemic inflammation. Wild-type mice underwent a sham or CLP operation (*n* = 4). Twenty-four hours after the operation, the vascular permeability in the lung, liver, kidney, and brain was measured by photometry using the extravasation of Evans blue technique. Mean ± SEM. (PDF 622 kb) Additional file 3:**Figure S3.** Albumin's effects on vascular permeability during systemic inflammation and markers of organ tissue damage. Wild-type mice underwent a sham or CLP operation (*n* = 4--7). Sixty minutes after the procedure, mice received 20 ml/kg Isolyte® (Iso), HES 130/0.4 (HES), or albumin 20% as an infusion over 1 h. At 24 h after the operation, vascular permeability in the (**A**) lung, (**B**) liver, (**C**) kidney, and (**D**) brain was measured by photometry using the extravasation of Evans blue technique. Serum creatinine (**E**), urea (**F**), GPT (**G**), and GOT (**H**) were measured 24 h after CLP induction. Mean ± SEM. \* *p* \< 0.05. (PDF 493 kb)

CLP

:   Cecal ligation and puncture

EB

:   Evans blue

ELISA

:   Enzyme-linked immunosorbent assay FITC, Fluorescein isothiocyanate

GOT

:   Glutamic oxaloacetic transaminase

GPT

:   Glutamate-pyruvate transaminase

HES

:   Hydroxyethyl starch

Iso

:   Isolyte®

IVM

:   Intravital microscopy

LPS

:   Lipopolysaccharide

NAH

:   *N*-desulfated/re-*N*-acetylated heparin

TLR

:   Toll-like receptor

Vol

:   Volulyte®
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